A b s t r a c t -The c e l l w a l l s and septa o f f u n g i a r e u s e f u l models f o r morphogenesis and p o t e n t i a l t a r g e t s f o r a n t i fungal agents. I n t h e yeast, Saccharomvces c e r e v i s i a e , t h e main s t r u c t u r a l components o f t h e primary septum and o f t h e c e l l w a l l a r e c h i t i n and , ¶(1+3)glucan, r e s p e c t i v e l y . Two c h i t i n synthetases have been i d e n t i f i e d i n yeast, one o f which i s e s s e n t i a l f o r septum formation, whereas t h e o t h e r one has a r e p a i r f u n c t i o n . i n e x t r a c t s i n a zymogenic form t h a t can be a c t i v a t e d by proteases. /?(1-+3)Glucan synthetase i s a l s o attached t o t h e plasma membrane. a c t i v i t y i s s t r o n g l y s t i m u l a t e d by GTP and i t s analogs. e x t r a c t i o n o f t h e membranes, two components have been obtained i n s o l u b l e form. One contains a GTP-binding p r o t e i n ; t h e o t h e r probably includes t h e s u b s t r a t e -b i n d i n g s i t e . Both components, i n a d d i t i o n t o GTP, are r e q u i r e d f o r glucan synthesis.
INTRODUCTION
Fungal c e l l w a l l s and septa have e s s e n t i a l r o l e s i n t h e l i f e o f t h e fungal c e l l . They p r o t e c t mechanically t h e c e l l from t h e environment, prevent osmotic b u r s t i n g o f t h e c e l l by t h e t u r g o r pressure and a c t as a sieve f o r l a r g e molecules t h a t might harm t h e c e l l membrane. elements; septum formation i s an e s s e n t i a l step i n c e l l d i v i s i o n . c e l l i s determined by t h e c e l l w a l l : p r o t o p l a s t s t h a t have l o s t t h e c e l l w a l l assume t h e spherical form. Because o f t h i s shaping r o l e and o f t h e i r r e l a t i v e l y simple composition, fungal c e l l w a l l s and septa a r e good models f o r morphogenesis i n e u c a r y o t i c c e l l s . C e l l w a l l s and septa have a l s o r e c e n t l y awakened t h e i n t e r e s t o f researchers i n t e n t on f i n d i n g o r designing drugs against fungal i n f e c t i o n s . Because o f t h e v i t a l f u n c t i o n o f c e l l walls, i n t e r f e r e n c e w i t h t h e i r biosynthesis may r e s u l t i n a r r e s t o f fungal growth. Furthermore, some o f t h e main components o f t h e c e l l w a l l are n o t found i n animal t i s s u e s . There i s hope, t h e r e f o r e , o f f i n d i n g s p e c i f i c agents against t h e c e l l w a l l t h a t w i l l not harm t h e host.
We have s t u d i e d t h e b i o s y n t h e s i s o f yeast (Saccharomvces c e r e v i s i a e ) c e l l w a l l and septum (Fig. I ) , because much i s known about t h e biochemistry and c e l l b i o l o g y o f t h i s organism; yeast i s a l s o admirably s u i t e d t o t h e manipulations o f genetics and molecular biology.
The major components o f t h e yeast c e l l w a l l a r e carbohydrates. o f t h e c e l l w a l l i s accounted f o r by two beta-glucans (Table 1) ; t h e more abundant one i s composed o f 8(1+3) l i n k e d glucose, w i t h some 8(1-+6) branches; t h e o t h e r o f 8(1+6) l i n e a r
Growth o f t h e c e l l w a l l goes hand i n hand w i t h t h a t o f t h e o t h e r c e l l u l a r
The shape o f t h e fungal Fig. 1 . C e l l w a l l and septum o f S. cerevisiae. I n the c e l l w a l l , the inner, more e l e c t r o n -l u c e n t l a y e r i s r i c h i n glucans, whereas the outer, darker l a y e r has a high content o f mannoprotein ( r e f 3). The l o c a l i z a t i o n o f c h i t i n i s indicated by t h e c o l l o i d a l g o l d granules (dark dots) attached t o wheat germ a g g l u t i n i n , a l e c t i n w i t h a high a f f i n i t y f o r c h i t i n . A, emerging bud: t h e w a l l i s t h i n n e r than i n t h e mature c e l l ; n o t i c e t h e r i n g of c h i t i n (here seen i n cross-section) a t t h e base o f t h e bud. B, channel between mother and daughter c e l l before septum closure. primary septum i s sandwiched between the secondary septa (from r e f 4 ) . The gold g r a i n s on the vacuole areas (dark regions i n t h e middle o f each c e l l ) do n o t r e s u l t from attachment t o c h i t i n . They are s t i l l present i n t h e same areas when g o l d without wheat germ a g g l u t i n i n i s used.
C, t h e two c e l l s a f t e r completion o f the septum. The c h i t i n chain w i t h some 8(1+3) linkages ( r e f . 1). Most o f the remainder o f t h e w a l l consists o f a mannoprotein i n which carbohydrate accounts f o r almost 90% o f the weight ( r e f . 2). 8(1+3) glucose l i n k a g e appears t o be essential f o r maintenance o f t h e w a l l s t r u c t u r e . Treatment o f i s o l a t e d c e l l w a l l s w i t h p u r i f i e d 8(1+3) glucanase r e s u l t s i n s o l u b i l i z a t i o n o f the s t r u c t u r e , i n c l u d i n g t h e mannoprotein component ( r e f . 3). concentrated i n an e x t e r i o r l a y e r o f t h e wall, appears t o act as a sieve f o r compounds o f high molecular weight. I t can be s o l u b i l i z e d without destroying the i n t e g r i t y o f the wall ( r e f . 3). There i s a l s o i n the w a l l a very small amount o f c h i t i n , too low t o measure accurately, but p o s s i b l y important i n s t a b i l i z i n g i n some way the 8-glucan ( r e f . 5 , 6) .
The septum has a complex, s t r a t i f i e d structure, t h a t i s best discussed i n terms o f i t s ontogenesis. The primary septum, composed o f c h i t i n , begins t o be l a i d down a t the onset o f budding, as a r i n g around t h e base o f the bud (Fig. 1) . d i v i s i o n cycle, t h i s r i n g grows c e n t r i p e t a l l y i n t o a disc, the primary septum, t h a t e f f e c t i v e l y separates t h e two d i v i d i n g c e l l s . Secondary septa, containing the same components as t h e l a t e r a l w a l l , are then l a i d down from both the mother and the daughter c e l l side, r e s u l t i n g i n a t r i -l a y e r e d s t r u c t u r e ( Fig. 1) . C e l l separation occurs along the c h i t i n boundary, l e a v i n g one o f the secondary septa and most o f t h e primary septum i n the bud scar on t h e surface o f the mother c e l l ( r e f . 1).
From the foregoing i t i s c l e a r t h a t i n yeast 8(1+3)glucan and c h i t i n are t h e main s t r u c t u r a l polysaccharides o f c e l l w a l l and primary septum, r e s p e c t i v e l y . has a l e s s s p e c i f i c d i s t r i b u t i o n and i s also a major component o f t h e c e l l w a l l . those organisms, c h i t i n and 8(1+3)glucan are the most important s t r u c t u r a l components o f both c e l l w a l l s and septa ( r e f . 7 ) . As a consequence, i t i s possible t o study the formation
The
The l a t t e r , which i s more Towards t h e end o f the c e l l I n many other fungi, c h i t i n Again, i n of a biological structure, the cell wall, by investigating the biosynthesis of certain polysaccharides. This approach may lead to an understanding at the molecular level of morphogenetic processes in the intact cell: biosynthesis of chitin and the primary septum, followed by that of 8(1+3)glucan, the main structural component of the cell wall.
THE BIOSYNTHESIS OF CHITIN
it will be used here in a discussion of the It is not known how the zymogen is activated in vivo, but it is clear that an activation step is required: it is probably at this step that the enzymatic activity is controlled.
Function of chitin synthetase 1 and 2
Information about the function of the chitin synthetases has come for the most part from a genetic approach. The first gene to be cloned was that coding for Chsl, at that time the only chitin synthetase known in yeast (ref. 13) . After a study of its structure, the gene was disrupted and substituted for a normal gene in a wild-type strain. Unexpectedly, cell division and chitin content were not affected in the cells containing the disrupted gene. Obviously, Chsl was not essential for chitin synthesis and some other synthetase (later identified as Chs2) was present in the cell. However, further studies revealed that cells with a disrupted CHSl gene were not completely normal. When such cells were grown in a medium insufficiently buffered to prevent the acidification that accompanies yeast growth, many buds lysed during separation from the mother cell (ref. 13, 14) . The lysis is apparently due to a small perforation in the center of the birth scar (Fig. 2) .
Analysis of the conditions that lead to lysis indicated the possible participation of a chitinase that normally facilitates separation between mother and daughter cell by degrading some of the chitin of the primary septum. In fact, when allosamidin, a chitinase inhibitor, was added to the medium, bud lysis was drastically reduced (ref. 14 A small p e r f o r a t i o n can be seen i n t h e b i r t h scar (arrow) through which some membranous m a t e r i a l has escaped. The mother c e l l bud scar i s i n d i c a t e d by an arrowhead (from r e f . 14). (Fig. 3 ). T6e
s u b s t i t u t e d f o r one o f t h e two copies o f CHSZ i n a d i p l o i d s t r a i n . Sporulation and t e t r a d d i s s e c t i o n showed t h a t i n each t e t r a d o n l y t h e two spores c o n t a i n i n g t h e normal CHSL gene were able t o g i v e r i s e t o colonies. elongated c e l l s w i t h o u t septa. It was concluded t h a t ChsZ i s the enzyme normally involved i n t h e c o n s t r u c t i o n o f t h e primary septum ( r e f . 15). Whether t h e c h i t i n r i n g t h a t forms a t bud emergence i s a l s o synthesized w i t h t h e help o f Chs2 o r w i t h another synthetase, i s not y e t c l ear. I n view o f t h e d i f f e r e n t f u n c t i o n s o f t h e two c h i t i n synthetases, i t was o f i n t e r e s t t o compare t h e i r amino a c i d sequences, as p r e d i c t e d from

Fig. 3. Comparison o f Chsl (1) and Chs2 ( 2 ) sequences i n t h e homologous region (amino acids 361-1017 f o r Chsl and 213-904 f o r Chs2). Bars (.) i n d i c a t e i d e n t i c a l amino acids, a s t e r i s k s (*) conservative s u b s t i t u t i o n s . The t o t a l l e n g t h of t h e sequence i s 1131 amino acids f o r Chsl and 963 f o r ChsZ (from r e f . 16). small remaining segment a t t h e carboxyl terminus and t h e much l a r g e r one a t t h e amino terminus were q u i t e unrelated. These s i m i l a r i t i e s and d i f f e r e n c e s a r e conserved i n t h e hydropathic p r o f i l e s , which show a few p o s s i b l e membrane-spanning domains near t h e carboxyl end ( r e f . 16). D e l e t i o n o f t h e non-homologous amino terminal r e g i o n o f CHSZ i n a high-copy plasmid r e s u l t e d i n expression o f a gene product e x h i b i t i n g enzymatic a c t i v i t y and able t o complement a d i s r u p t i o n o f t h e chromosomal W (J.A. Shaw, S.J. Silverman and E. Cabib, unpublished r e s u l t s ) . T h i s r a t h e r s u r p r i s i n g r e s u l t suggests t h a t t h e d i v e r g e n t amino terminus i n ChsE and p o s s i b l determine tKe d i f f e r e n t functions o f Chsl and Chs2 must occur e i t h e r i n t h e homologous r e g i o n o r a t t h e carboxyl terminus. a l s o i n Chsl may be dispensable. If t h i s i s so, t h e sequence(s) t h a t somehow THE BIOSYNTHESIS OF fi (1+3)GLUCAN
As i n t h e case o f c h i t i n , synthesis o f 8(1+3)glucan proceeds by a t r a n s f e r o f a g l y c o s y l residue from a n u c l
e o t i d e sugar t o a growing chain o f polysaccharide: t h e sugar here i s glucose r a t h e r than N-acetylglucosamine and t h e product i s 8(1+3) r a t h e r than 8(1+4)-1inked ( r e f . 17). As shown f o r c h i t i n synthetase and by t h e same methodology, 8(1+3)glucan synthetase has been found t o be attached t o t h e plasma membrane. detected i n o t h e r f r a c t i o n s .
There i s no i n d i c a t i o n t h a t glucan synthetase i s i n a p r o t e o l y t i c a l l y a c t i v a t a b l e zymogen form. I n f a c t , treatment w i t h several d i f f e r e n t proteases l e d t o i n a c t i v a t i o n o f t h e enzyme (E. Cabib, unpublished r e s u l t s ) . On t h e o t h e r hand, t h e a c t i v i t y is6 s t r o n g l y s t i m u l a t e d by guanosine t r i p h o s p h a t e and i t s analogs, a t concentrations i n t h e 10' -lo-' M range ( r e f . 18).
A study o f t h e s t r u c t u r e -a c t i v i t y r e l a t i o n s h i p of many compounds revealed t h a t several phosphorylated substances show some s t i m u l a t i o n , b u t t h e guanine nucleotides are by f a r t h e best, probably because o f a much t i g h t e r b i n d i n g t o t h e enzyme ( r e f . 19).
The s t i m u l a t i o n by guanosine nucleotides i s a p r o p e r t y shared by 8 ( 1+3)glucan synthetases o f several f u n g i ( r e f . 20). A study o f these glucan synthetases culminated i n t h e f i n d i n g t h a t by e x t r a c t i o n w i t h detergent and s a l t s , t h e membrane preparations c o u l d be d i s s o c i a t e d i n t o two components, one soluble, one s t i l l membrane bound; both components are necessary f o r t h e r e a c t i o n t o occur, i n a d d i t i o n t o GTP ( r e f . 21). proteinaceous component i n t h e s o l u b l e f r a c t i o n was responsible f o r i n t e r a c t i o n w i t h GTP: t h e s o l u b l e component was p r o t e c t e d by GTP against thermal denaturation, i n a c t i v a t i o n by EDTA a t 3OoC and i n a c t i v a t i o n by s a l t s a t h i g h concentration. On t h e o t h e r hand, t h e component t h a t remained membrane-bound a f t e r e x t r a c t i o n was p r o t e c t e d by t h e substrate, UDP-
glucose, but not by GTP, against thermal denaturation ( r e f .
21), I t seems probable t h a t t h i s component contains t h e c a t a l y t i c a l l y a c t i v e s i t e o f t h e r e a c t i o n , whereas t h e GTPb i n d i n g p r o t e i n would a c t as a r e g u l a t o r y component.
Recently, these r e s u l t s have been extended t o SL c e r e v i s i a e (H.-M. Park, S. Das Gupta, J.T.
M u l l i n s and E. Cabib, unpublished r e s u l t s ) . I n a d d i t i o n t o s o l u b i l i z i n g t h e p u t a t i v e GTPb i n d i n g component, we have succeeded i n o b t a i n i n g i n s o l u b l e form t h e o t h e r component as w e l l .
Here also, both components p l u s GTP o r a GTP analog are necessary f o r f u l l a c t i v i t y (Fig. .4) .
From g e l -f i l t r a t i o n experiments, i t s molecular weight under non-denaturing c o n d i t i o n s appears t o be i n t h e 65,000-70,000 range.
No a c t i v i t y has been
No primer appears t o be r e q u i r e d f o r t h e r e a c t i o n .
Several c r i t e r i a i n d i c a t e d t h a t a
The GTP-binding component has been p a r t i a l l y p u r i f i e d . 
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i t t l e a c t i v i t y i n t h e presence o r absence o f guanosine 5'-0-(3-thiotriphosphate) (GTPgS). A m i x t u r e o f both components w i t h t h e a d d i t i o n o f t h e n u c l e o t i d e i s r e q u i r e d f o r h i g h i n c o r p o r a t i o n o f glucose from UDP-glucose i n t o glucan.
It can be seen t h a t each component separately y i e l d s
THE CONSTRUCTION OF CELL WALL AND SEPTUM
Because o f t h e l o c a l i z a t i o n o f c h i t i n synthetases and glucan synthetase i n t h e plasma membrane, i t seems probable t h a t t h e formation o f both polysaccharides takes place, as has been shown f o r Chsl, by simultaneous synthesis and e x t r u s i o n through t h e membrane. On the o t h e r hand, t h e mannoprotein o f t h e c e l l w a l l and secondary septa appears t o be synthesized i n s i d e t h e c e l l , s t a r t i n g a t t h e endoplasmic r e t i c u l u m and f o l l o w i n g t h e general secretory pathway f o r g l y c o p r o t e i n s ( r e f . 22). To understand how t h e growth o f septum and c e l l w a l l takes place, i t w i l l be necessary t o f i n d o u t how t h e synthesis and/or e x c r e t i o n o f t h e i r components i s l o c a l i z e d i n t i m e and space. For instance, how i s i t determined t h a t a t budding c h i t i n w i l l be l a i d down i n an annular space a t the base o f t h e bud? o r how i s glucan synthesis i n i t i a t e d a t t h e budding s i t e , r e g u l a t e d s p a t i a l l y so as t o o b t a i n an ovalshaped c e l l and shut o f f when t h e c e l l a t t a i n s m a t u r i t y ? For c h i t i n synthesis, t h e zymogenic character o f t h e enzyme may o f f e r a p a r t i a l answer: i f , as i t appears t o happen w i t h Chsl, t h e c h i t i n synthetases are d i s t r i b u t e d r a t h e r u n i f o r m l y on t h e plasma membrane, as t h e i r temporal and s p a t i a l r e g u l a t i o n may be c o n t r o l l e d by d e l i v e r i n g an a c t i v a t o r , such a protease, a t a s p e c i f i c s i t e and a s p e c i f i c time, perhaps by using a v e s i c l e o r a component o f t h e cytoskeleton as c a r r i e r . We know n o t h i n g a t t h i s p o i n t about t h e a c t i v o r t h e d e l i v e r i n g apparatus.
The morphogenetic system must a l s o i n c l u d e s i g n a l s t o a l e r t t h e c e l l t h a t c h i t i n synthes i s r e q u i r e d a t c e r t a i n l o c a t i o n s , such as a t t h e septum, e i t h e r f o r c o n s t r u c t i o n o f t h e primary septum, i n t h e case o f Chs2, o r f o r r e p a i r , i n t h e case o f Chsl. F i n a l l y , t h e a c t i v i t y o f each enzyme w i l l have t o be modulated according t o t h e requirements o f each s i t u a t i o n , and somehow stopped when t h e r e i s no l o n g e r a need f o r i t . Here, however, t h e means by which t h e enzymatic a c t i v i t y i s modulated appear t o be d i f f e r e n t . I n t e r a c t i o n w i t h GTP i s probably t h e p r i n c i p a l mechanism by which t h e a c t i v i t y o f g l ucan synthetase i s regulated.
It i s u n l i k e l y t h a t t h e r e g u l a t i o n i s a t t a i n e d by changes i n t h e l e v e l o f GTP, because i t s average concentration i n t h e c e l l i s probably always h i g h e r than t h a t necessary t o saturate the synthetase. I n o t h e r GTP-binding r e g u l a t o r y p r o t e i n s (G-proteins), found i n yeast o r elsewhere, r e g u l a t i o n can be conserved independently o f t h e concentration o f GTP, by modulating t h e a b i l i t y o f t h e G-protein t o a c t as a GTP-ase as w e l l as by i n f l u e n c i n g t h e exchange between GTP and GDP on t h e p r o t e i n ( r e f . 23). i n t e r a c t i o n w i t h o t h e r r e g u l a t o r y p r o t e i n s , phosphorylation-dephosphorylation, and perhaps o t h e r m o d i f i c a t i o n s .
From t h e above discussion, i t i s c l e a r t h a t f o r t h e r e g u l a t i o n o f both c h i t i n and B ( 1 J ) g l u c a n biosynthesis, i . e . f o r septum and c e l l w a l l formation, an a r r a y o f p r o t e i n s , organelles and p o s s i b l y elements o f t h e cytoskeleton are necessary. system i s going t o be a d i f f i c u l t task. approach. o r t h e o t h e r o f t h e c e l l w a l l polysaccharides may be h e l p f u l . c o n d i t i o n a l -l e t h a l mutants i n t h e already known genes o f t h e synthetases and then l o o k f o r extragenic suppressors t h a t may d e f i n e o t h e r components o f t h e system.
T h i s c o n t r o l may be exerted by
To unravel t h i s complex A s t a r t could perhaps be achieved by a genetic Mutants whose phenotype shows a d e f e c t o r abnormality i n t h e biosynthesis o f one One can a l s o seek
CELL WALL AND SEPTUM AS TARGETS FOR ANTIFUNGAL AGENTS
As mentioned i n t h e I n t r o d u c t i o n , i n h i b i t i o n o f t h e synthesis o f c e l l w a l l components may be used as a way o f stopping growth o r even causing death o f a pathogenic fungus. and /3(1+3)glucan seem t o c o n s t i t u t e good t a r g e t s f o r t h i s type o f attack, f i r s t , because they appear t o be e s s e n t i a l s t r u c t u r a l components o f c e l l w a l l and/or septum; second, although j3(1+3)glucan i s present i n p l a n t s , n e i t h e r polysaccharide i s found i n animals. polyoxins have been used against p l a n t pathogens, b u t n e i t h e r they n o r t h e nikkomycins have been found e f f e c t i v e against animal o r human i n f e c t i o n s . There are problems o f c e l l p e r m e a b i l i t y and probably a l s o enzymatic breakdown of t h e a n t i b i o t i c s i n t h e fungal c e l l . I n S . c e r e v i s i a e , p o l y o x i n D i s e f f e c t i v e i n v i v o b u t a t concentrations several orders o f magnitude g r e a t e r than those t h a t i n h i b i t t h e c h i t i n synthetases i n v i t r o ( r e f . 26). I t i s o f i n t e r e s t , however, t h a t Chs2, t h e e s s e n t i a l synthetase, i s i n h i b i t e d much l e s s than Chsl i n v i t r o ( r e f . 9 and E. Cabib, i n p r e p a r a t i o n ) . This i n v i t e s c a u t i o n i n j u d g i n g t h e e f f e c t o f such i n h i b i t o r s on o t h e r f u n g i , where t h e p r o p e r t i e s and f u n c t i o n s o f c h i t i n synthetases have n o t been established. d i f f e r e n t f u n g i ( r e f . 31) and aculeacin and c i l o f u n g i n on yeast p(l+3)glucan synthetase (E.
Cabib, unpublished r e s u l t s ) and found them very poor as i n h i b i t o r s . However, papulacandin has been found t o be f a i r l y e f f e c t i v e against t h e glucan synthetase o f Schizosaccharomvces & ( r e f . 32) and c i l o f u n g i n against t h a t o f Candida albicans ( r e f . 33). A t t h i s p o i n t i t i s n o t c l e a r whether t h e i r e f f e c t i s exerted d i r e c t l y on t h e enzyme o r i n d i r e c t l y , through some o t h e r component necessary f o r g l ucan biosynthesis and e x t r u s i o n through t h e membrane.
The very existence o f i n h i b i t o r s o f c h i t i n and glucan synthetase t h a t have a t l e a s t some and i n c e r t a i n case considerable e f f e c t s i n v i v o suggests t h a t t h i s approach towards b e t t e r and more s p e c i f i c a n t i fungal agents m e r i t s f u r t h e r e f f o r t s .
We have t e s t e d papulacandin on B(l+3)glucan synthetases o f
